BOUT one percent of the 3,000 species of lizards in the world have all-female populations in which reproduction seems to be by true parthenogenesis 4 (as opposed to gynogenesis or hybridogenesis). For some species, no males have ever been found at any localities. For a few species, all-female populations occur at some localities, bisexual populations at others. (In unisexual populations all normal individuals are females. In bisexual populations males and females normally exist.) Cytological details of oogenesis have been studied incompletely and in only a few parthenogenetic species 1 ' 10 . The observations on Cnemidophorus (New World whiptail lizards) together with biochemical data indicating considerable fixed heterozygosity 23t24 suggest that, at least for some parthenogenetic species, oogenesis normally involves an extra premeiotic endoduplication of the chromosomes, formation of "pseudobivalents" comprised of sister chromosomes, and then normal meiosis. Thus, ova usually would have the same level of ploidy as the female's typical somatic cells and would be genetically identical to each other and to the ovum from which the mother herself developed, excepting mutations (see Uzzell's review 27 )-Extensive histocompatibility between individuals of parthenogenetic species of Cnemidophorus is also consistent with this hypothesis 1112 ' 21 .
Most species of unisexual lizards that have been studied in detail appear to have originated as interspecific hybrids between diploid, bisexual species, although at least one recent author 13 did not acknowledge the overwhelming evidence 5 ' 28 . Many of the unisexual species of Cnemidophorus are normally triploids and probably originated in a second hybridization event: fertilization of diploid eggs produced by diploid parthenogenetic females 24 . In addition, substantial data indicate that the few tetraploid individuals found in nature are interspecific hybrids resulting from fertilization of eggs produced by parthenogenetic females of triploid allfemale species 19 ' 23 . Work on parthenogenetic Cnemidophorus has been impaired by a general inability to raise offspring to adulthood in the laboratory, and thus most of the evidence concerning their reproduction and inheritance has been circumstantial. Recently, however, a system has been developed for maintaining colonies of these lizards and now they are being raised in captivity generation after generation 7 . Here I report that triploid parthenogenetic females, which were hatched and raised in isolation from males, produced parthenogenetic offspring having the same karyotype as their mother. However, an egg from a triploid parthenogenetic female that was fertilized by a male of a diploid bisexual species produced a viable, tetraploid hybrid. These conclusions are based on comparisons of chromosomes of individually identified mothers, daughters, and siblings maintained and raised in the laboratory.
Materials and Methods
Observations were made on three species of Cnemidophorus: C. exsanguis, the Chihuahua whiptail (triploid, unisexual); C. sonorae, the Sonora whiptail (triploid, unisexual; Figure 24 and B); and C. tigris, the western whiptail (diploid, bisexual; Figure 2C ). Methods of maintaining lizards in the laboratory, including incubation of eggs, rearing of offspring, and marking for individual recognition, were reported elsewhere 7 . Hybridization was accomplished by the lizards themselves, after a female C. sonorae was caged with a sexually active male C. tigris.
For this report I examined chromosomes of about 220 cells from 36 lizards. For some animals, chromosomes of bone marrow were prepared for study by means of the colchicine, hypotonic citrate, flame-dried procedure used by Patton 25 , slightly modified for reptiles 6 ; for others, chromosome preparations were made from whole blood cultures incubated at 36°C for 72 hours in chromosome medium 1A (with phytohemagglutinin) of Grand Island Biological Company. This culture medium usually works well with a few drops of blood drawn from the tail of a living Cnemidophorus, which can be maintained in a breeding colony following karyotyping.
Terminology for general aspects of Cnemidophorus karyotypes, particularly the various sets of chromosomes, follows Lowe and Wright 18 ; centromere position terminology follows Cole 3 . In the present report when it is stated that the karyotypes of two animals are identical or indistinguishable, it means only in respect to the methods used in this study.
Each specimen from which chromosomes were examined is referred to by its individual catalogue number in the herpetological collection of the American Museum of Natural History (AMNH no.) or by its unique letter and number code designating amputated digits (e.g., RF-5, RR-4; the lizard missing the fifth toe on the right front foot and the fourth toe on the right rear foot). Specimens bearing an AMNH number are preserved in alcohol; many of those referred to by toe-clips are still alive in the colonies and not yet catalogued. Eventually all these specimens will reside in the permanent AMNH collection; catalogue entires include their individual toe-clips, so documentation will be complete.
Chromosomes were examined from 24 specimens of C. exsanguis. Three lizards (AMNH 114148; 114149; 114150) were collected at the same locality from which the initial founders of the colony were taken (New Mexico: Hidalgo Co.; Clanton Canyon, 3 mi. W, 7.5 mi. N [airline] Cloverdale, 5500 ft. elev.). Eight were laboratory-raised lizards of one clone, including: 1) one F,, AMNH 113356 (offspring of AMNH 113352, the P,); and 2) seven F 2 animals (RF-3, RR-1; RF-3, RR-2; LF-5, LR-1; RR-5, LR-1; RR-5, LR-2; RR-5, LR-3; RR-5, LR-5), all offspring of AMNH 113356. And 13 were laboratoryraised lizards of another clone, including: 1) three F 2 animals (RR-4, LR-3; RR-4, LR-4; RR-4, LR-5), all offspring of the F,, AMNH 113359 (an offspring of AMNH 109468, the P,); 2) eight Chromosomes were examined from four specimens of C. sonorae: one was the P, (AMNH 117812) collected in the field (Arizona: Cochise Co.; 4.4 mi. N, 2.6 mi. W [airline] Portal, 4900 ft. elev.); and three were her Fi daughters (AMNH 117820; 117821; 117822) raised in the laboratory.
Chromosomes were examined from seven specimens of C. tigris, all collected in the field in either Arizona or New Mexico: AMNH 112860; 112861; 112862; 112864; 112867; 114239; 117811.
One specimen examined (RF-2, RR-3) was a laboratorycreated hybrid of C. sonorae (AMNH 117812) x C. tigris (probably AMNH 117811).
Results and Discussion
Karyotypes and their inheritance in C. exsanguis At some localities (e.g., Alamogordo, Otero Co., New Mexico 23 ), Cnemidophorus exsanguis has a triploid (3n = 69) karyotype comprised of three similar haploid complements (n = 23) characteristic of species in the sexlineatus species group 20 . This triploid karyotype is similar to that of the C. sonorae illustrated here ( Figure  3 ). The haploid set (n = 23) present in triplicate consists of one set I chromosome (a large metacentric with a secondary constriction near the end of one arm) plus 12 set II chromosomes (the largest being clearly subtelocentric and the rest being telocentric or subtelocentric) plus 10 set III chromosomes (microchromo--somes, most of which are difficult or impossible to resolve clearly, but some of which are biarmed). In the sexlineatus species group, there are many diploid bisexual species (2/i = 46) having two of these complements per typical somatic cell, and several all-female species have three 20 . In the triploids, usually only one or two of the secondary constrictions are visible in most cells 19 . As in other triploid species, however, including C. sonorae 19 , some specimens of C. exsanguis are modified triploids, and at some localities a karyotypic dimorphism or polymorphism exists. The specimens of C. exsanguis reported here exhibited two similar but slightly different karyotypes, both of which occur in the laboratory colonies and at the locality at which the founders of the colonies were collected.
One of the karyotypes of C. exsanguis {in =71; Figure 1 ) differs from the unmodified triploid condition by having one of the large satellited metacentrics absent; a different large, submetacentric present; a satellite on a set II telocentric; and two extra microchromosomes. Precisely what aberrations resulted in these modifications are not known, but it is tempting to hypothesize (Figure 1 ) that one of the set I metacentrics underwent centric fission, two nonhomologous set II chromosomes underwent centric fusion, and the extra microchromosomes could be duplications (e.g., representing tetrasomy for each of two different microchromosomes) or one of them could be the centromere remaining from the fusion of two set II telocentrics. I favor hypotheses allowing the modifications to have resulted from several separate and independent events because in other parthenogenetic Cnemidophorus (diploid and triploid) I have seen similar modifications (apparent fusion, fission, and extra microchromosomes) present alone rather than in combination as described here. This karyotype (3n = 71) was observed in eight C. exsanguis representing one clone raised in the laboratory: an F, (AMNH 113356) and seven of her daughters (see specimens listed in Materials and Methods). As no other lizards of this genealogy were examined karyotypically, 100 percent of the specimens examined in this genealogy had the same karyotype. Thus, the apparent maintenance of fixed karyotypic heterozygosity has been observed in comparing the mother to her daughters.
The second karyotype observed in the C. exsanguis treated here appeared identical to the ones illustrated ( Figure 1) but it had only one extra microchromosome instead of two (3n = 70). This karyotype was observed in 13 animals representing one clone raised in the laboratory: three F 2 lizards (all of which were offspring from one F,, AMNH 113359); eight F 3 lizards, including offspring from each of the three F 2 animals karyotyped; and two F 4 lizards, including offspring from two of the F 3 animals karyotyped. Again, 100 percent of the specimens examined in this genealogy had the same karyotype, and I observed apparent maintenance of fixed heterozygosity in comparing mothers, daughters, and granddaughters. Two of these F 2 lizards and three of these Discovery of two different karyotypic clones in the laboratory colonies, with precise inheritance of similarly modified karyotypes documented from direct comparisons of mothers and daughters, suggested that both clones exist in nature and both were present in the field sample from which the colony was founded. It was not possible to ascertain this by karyotyping the P, females because they were already dead and preserved when the dimorphism was discovered. Thus, I returned to the locality where the P] lizards had been collected and captured three more for comparisons (the initial sample had included only three also). In this sample, one lizard had the same modified triploid karyotype described first above (Figure 1 ; 3n = 71, with two extra microchromosomes) and two lizards had the second karyotype (3/i = 70, with one extra microchromosome).
All of the lizards in the two or three generations of the two lineages discussed above were hatched, raised, and maintained in the laboratory in complete isolation from males. Considering the first lineage discussed (3n = 71), four of the seven F 2 lizards whose chromosomes were examined were sisters from a single clutch of eggs. That clutch was the first one of properly shelled eggs (N = 6) the mother produced and buried in a suitable site so they did not spoil before discovery and transfer to incubation. All six eggs of the clutch hatched, and all of the four sisters whose karyotypes were examined had the same heterozygous karyotype. It is not likely that this inheritance resulted from |{) 11114*11 random assortment of chromosomes such as presumably occurs in diploid bisexual species of Cnemidophorus. Considering the second lineage (3« = 70), all three of the F 2 lizards whose chromosomes were examined were sisters from a single clutch of four eggs, one of which failed to hatch. Of the eight F 3 lizards, three were sisters comprising 100 percent of the first clutch of eggs produced by their mother, and three others were sisters from a single clutch of four eggs, one of which failed to hatch. Again, it is not likely that these groups of sisters inherited the same heterozygous karyotype through oogenesis involving random assortment and meiosis typical of diploid bisexual species. Instead, it seems that the chromosomal heterozygosities are fixed. I conclude that each triploid mother transmitted her own modified triploid karyotype, with the heterozygous chromosomal aberrations, precisely to each normal daughter in a triploid egg, which developed parthenogenetically. This is consistent with the hypothesis that oogenesis in parthenogenetic species of Cnemidophorus involves an extra premeiotic endoduplication of the chromosomes, formation of "pseudobivalents" comprised of sister chromosomes, and then normal meiosis, and, consequently, that all normal ova from a given The observations and hypotheses discussed above are consistent with observations of the coexistence of local karyotypic polymorphisms in parthenogenetic species 19 . Since karyotypic modifications, including dimorphisms and polymorphisms are seen often in unisexual species of Cnemidophorus but rarely in bisexual species, it appears as though the different mechanisms of oogenesis confer different survival values on the same chromosomal aberrations, assuming that the same aberrations do occur occasionally in the bisexual species. Indeed, oogenesis in bisexual species may tend to promote karyotypic conservancy, whereas in unisexual species it may allow more rapid diversification.
Evolution of allopolyploidy
Some diploid parthenogenetic species of Cnemidophorus (e.g., C. neomexicanus; C. tesselatus) have two considerably different haploid genomes recognizable on karyotypic and biochemical analyses, apparently resulting from an origin (speciation) through hybridization The triploid species probably arose following fertilization of diploid eggs produced by diploid parthenogenetic females 18 . In some cases, triploid populations have karyotypes consisting of at least two very different types of basic genomes (e.g., C. tesselatus), but in others (e.g., C. exsanguis; C. sonorae), the three basic genomes are karyotypically similar or identical to each other. This is not inconsistent with considering these species as allotriploids, however, as many diploid bisexual species in the sexlineatus species group are karyotypically similar or indistinguishable 20 , and biochemical data pertaining to triploids are consistent with a hybrid origin 22 " 24 . In addition, a few unusual specimens have been found in nature that appear to be recently generated hybrids between females of parthenogenetic species and males of sympatric bisexual species; karyotype analyses of such animals have been consistent with the hypothesis that they were hybrids and that a one-step increase in ploidy occurred with fertilization. Thus, a hybrid C. sonorae (3n) x C. tigris was a tetraploid 19 ; a hybrid C. exsanguis (3«) x C. inornatus was a tetraploid 23 ; and three hybrids of C. neomexicanus (2/i) x C. inornatus were triploids u . But all observations to date on such interspecific hybrids with elevated levels of ploidy have been made on animals captured in nature and whose genealogy was inferred rather than known.
A test of whether interspecific hybrids of Cnemidophorus can be viable and whether hybrids involving parthenogenetic females of all-female species indeed do have an elevated ploidy was attempted in the laboratory. Lizards with karyotypically distinctive basic genomes were simply caged together with fond hopes that they would hybridize. One combination involved a female C. sonorae (AMNH 117812; Figure 2A ) having an unmodified triploid karyotype ( Figure 3A) consisting of three haploid complements typical of the sexlineatus species group 20 . The male was a C. tigris marmoratus, two males of which were at times caged with the female C. sonorae, but only one (AMNH 117811; Figure 2C ) of which was ever observed mating with her, and this was seen on several occasions. Karyotypic analysis of this male showed that his somatic cells were diploid with two normal haploid complements typical of the tigris species group, which is karyotypically distinctive 20 . A haploid complement of C. tigris (n = 23; Figure 4 ) has three set I chromosomes (the two largest are metacentric, the third submetacentric; the second largest has a small satellite at the end of one arm) plus eight set II chromosomes (all distinctly bi-armed) plus 12 set III microchromosomes (several of which clearly are bi-armed).
The female C. sonorae and male C. tigris that mated with her on several occasions were caged together for 15 months. During this period the female produced nine clutches of eggs, including a total of at least 33 eggs, about half of which were laid in or on dry sand and desiccated and died almost immediately (some were eaten by lizards prior to removal from the cage for incubation). Nevertheless, a total of 12 hatchlings were produced from four clutches. Only seven of the hatchlings survived to an age of at least five months, at which time the appearance of apparently paternal characteristics (light spots in the lateral dark fields on the body) were clearly expressed in the color pattern of one individual from the first clutch (RF-2, RR-3). Thus, of the seven hatchlings that reached an age at which their hybrid or non-hybrid condition appeared to be expressed in external morphology, only one ( Figure ID ) appeared to be a hybird; the others (e.g., Figure IB) resembled the mother (Figure 2A) . Karyotypic studies of three F, daughters resembling the mother revealed that they all had the same triploid karyotype ( Figure 3B) , indicating, as did their external morphology, that they had developed from unfertilized ova that were produced in such a way as to contain the same triploid karyotype as the mother's typical somatic cells, as occurs in C. exsanguis (see above). The fact that one of these F, females (AMNH 117820) was raised to adulthood in isolation from any males and yet produced normal F 2 offspring constitutes additional laboratory evidence that C. sonorae . is indeed parthenogenetic. However, karyotypic study of the daughter that phenotypically appeared to be a hybrid revealed she was a tetraploid (4« = 92; Figure 5) , with somatic cells having all the same chromosomes present in the mother's triploid cells (3n = 69; Figure  3A ) plus a haploid complement (n =23; Figure 4 ) including all the individually recognizable chromosomes , characteristic of C. tigris. This tetraploid female ( Figure  2D ) must have developed from one of the mother's triploid ova that became fertilized by one of the father's haploid spermatozoa; this conclusion is supported also by two observations of mating between the mother (AMNH 117812) and presumed father (AMNH 117811) within 20 days prior to oviposition of the clutch in which the hybrid developed.
Production of this tetraploid lizard in the laboratory, involving hybridization between two specjes of Cnemidophorus belonging to different species groups characterized by distinctly different basic genomes, demonstrates clearly that viable interspecific hybrids of Cnemidophorus can exist, that eggs of parthenogenetic species are capable of developing either before (without) or after fertilization and that fertilization of such eggs results in a one-step increase in ploidy. Since only one known hybrid was produced and reached adulthood, and many other eggs produced by the hybrid's mother did not develop to term, it is presumed that some hybrid inviability occurred also. Nevertheless, some mortality still results from a deficient laboratory environment, about which we still have more to learn. This question will be addressed in a future report containing more data concerning additional Cnemidophorus with which hybridization experiments are in progress.
Sex determination
More than 30 of the approximately three dozen species of Cnemidophorus have been karyotyped 2 -9 -17 -20 - 26 . The only diploid bisexual species in which a sexcorrelated heteromorphic pair of chromosomes has been identified to date is C. tigris, which has an X Y( 3): XX( 9) system 8 . The third largest pair of chromosomes (set I, bi-armed in C. tigris; Figure 4 ) includes the two sex chromosomes, which differ noticeably in centromere position (the Y has a longer short arm than has the X). In each of the all-female species in which hybridization involving C. tigris was included in their ancestral origin, the X chromosome of C. tigris is recognizable in the karyotype 8 . The tetraploid hybrid reported here appears to be a female on the basis of all observable secondary sexual characteristics (dissection and histological work will be reported elsewhere), and she inherited the X chromosome from her father ( Figure 5 ). This lizard is similar to a natural tetraploid hybrid of C. sonorae x C. tigris, except the natural hybrid was a male, and it inherited the Y chromosome from C. tigris 19 . These observations are consistent with the hypotheses that the sex chromosomes identified in C. tigris are indeed involved in sex determination and that the Y chromosome may be involved in actively determining maleness 8 ' 18 . This is also consistent with the hypothesis that in the hybridization events from which allfemale species originated, male hybrids may also have been produced, but only the lineages of parthenogenetically reproducing females survived 18 .
The details of oogenesis and sex determination in parthenogenetic species of Armenian Lacerta, all of which are diploid species, may differ from those of Cnemidophorus. Although rare triploid males of Lacerta 16 had a hybrid origin similar to that of the rare polyploid males of Cnemidophorus, unusual diploid males of Lacerta that are indistinguishable from the females of parthenogenetic species have also been found l5 .
Summary
Chromosome studies of individually identified mothers, daughters, granddaughters and siblings of whiptail lizards (Cnemidophorus) demonstrated that triploid parthenogenetic females, hatched and raised in the laboratory in isolation from males, produced parthenogenetic offspring having the same triploid karyotype as their mother. However, an egg from a triploid parthenogenetic female that was fertilized by a haploid spermatozoan from a male of a diploid bisexual species produced a viable tetraploid hybrid. These observations are consistent with earlier conclusions concerning oogenesis in parthenogenetic species of Cnemidophorus, the origin of certain parthenogenetic species through hybridization, the evolution of allopolyploidy in reptiles, the identification of unusual polyploid hybrids found infrequently in nature, and sex determination in Cnemidophorus.
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